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This talk

- Basic physics case for future colliders, and what’s 
required to get there.


- Focusing on general considerations (not on specific 
collider proposals)


Physics briefing book + other studies + order of 
magnitude estimates and scaling.


- Both the bare minimal requirement, and what’s needed 
for a more comprehensive program.

Many more detailed studies still needed to be done. 

I hope to give the impression of  the order of magnitude here. 



Main physics cases center around

- The electroweak scale

Hierarchy/naturalness. 

Other related new physics: extended Higgs etc. 

Higgs self-coupling. Electroweak phase transition.


- Dark matter (WIMP, dark sector)


- Could have a rich physics program in addition. But 
the two above typically frame the basic physics 
case.



How to get there

- Two possible routes

Lepton: e+e-, �+ �- 

�� similar, but somewhat narrower physics program.


Hadron, pp. 


- Two approaches

Direct production of new physics particles. Need 
high energy colliders. 

Precision measurement. Can be sensitive to new 
physics beyond collider energy. 



Electroweak



Precision coupling measurement

Deviation from SM coupling δ ∼ c
m2

W

Λ2 , c ∼ #(1)

LHC: δ ∼ a few % → Λ ∼  TeV

δ ∼ #(10−3) (per mil) needed to reach up to Λ ∼ 10 TeV

Statistics limited (lepton collider): δ ∝ 1
ℒ1/2

For example: 

Higgs coupling measurement needs 106 Higgs at proposed 
Higgs factories



Energy = precision

(δσ/σ)higher E ∼ E2

Λ2 , δσ deviation due to #(6)

Effect of new physics larger at higher energy scales

Good reach if we can measure the process at higher 
energies.

1
Λ2 #(6), 1

Λ4 #(8), . . .

For heavy new physics parameterized by (EFT)

Lepton collider reach about 10xECM 

Hadron collider reach about ECM



Higgs  coupling 
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Fig. 3.9: 68% probability reach on Higgs couplings at the different future colliders from the
Global fit SMEFTND. For details, see Ref. [39].

The rate of rare Higgs boson decays such as H ! µ+µ� that allows the study of the
second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is difficult to access the couplings for the first generation. The current limit ke < 611
[67] is based on the direct search for H ! e+e�. A study at FCC-ee [68] has assessed the
reach of a dedicated run at

p
s = mH . In one year, an upper limit of 2.5 times the SM value can

be reached, while the SM sensitivity would be reached in a five-year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further significant improvement is
seen, particularly for couplings to top quark, muons, photons and Zg where FCC-hh will benefit
from very large event samples. The improvement in kW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible final states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0.025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of (1�2)%.

In Fig. 3.9, the results of the fit corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC the e+e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top, Zg and µ couplings. The sensitivity of the different types of e+e�

colliders is similar in their first stages. The improvements seen for HE-LHC and LHeC are
more modest. For the Z and W a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sect. 3.2.3). For fermions, the best sensitivity is
reached for b-quarks and t-leptons, and it is about 0.5%.
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Fit Result [%]

10TeV Muon Collider with HL-LHC with HL-LHC + 250GeV e+e�

W 0.06 0.06 0.06

Z 0.23 0.22 0.10

g 0.15 0.15 0.15

� 0.64 0.57 0.57

Z� 1.0 1.0 0.97

c 0.89 0.89 0.79

t 6.0 2.8 2.8

b 0.16 0.16 0.15

µ 2.0 1.8 1.8

⌧ 0.31 0.30 0.27

Table 3: Results of a 10-parameter fit to the Higgs couplings in the -framework, based
on the attainable precision in each on-shell Higgs production and decay channel listed in
Table 2. Additionally, we include the e↵ects of adding data sets projected from the HL-LHC
and a 250 GeV e+e� Higgs factory. One should keep in mind that a muon collider will also
strongly constrain Higgs properties via o↵-shell measurements, which are not included here.

high energy muon collider is an impressive Higgs factory as well as a discovery machine, and

there are numerous interesting avenues for future work related to the Higgs.

4.1.2 Flavor and exotic couplings

Flavor physics in the SM only arises through the Higgs couplings, which determine both

the mass pattern of the di↵erent generations and the mixings that allow for flavor changing

processes. Taking as motivation that flavor is one of the strangest aspects of the SM, there

has been a rich history of testing the flavor structure of the SM indirectly using measurements

from intensity frontier experiments. This program has resulted in stringent bounds on flavor

changing processes, probing new physics scales that are naively well out of the direct reach

of any future energy frontier experiment. Nevertheless, not all of the SM Yukawas have been

measured yet, and large deviations in flavor diagonal Higgs couplings due to BSM physics are

possible [80,81] as well as smaller flavor-changing BSM Higgs couplings [82], depending on the

particular flavors involved. Measuring the SM Yukawas may require more than an O(10)TeV

muon collider. Any channel with a branching fraction similar to Br(h ! µ+µ�) ⇠ O(10�4)

will result in an absolute yield of 103 decays before backgrounds, acceptances, and e�ciencies

are accounted for. Nevertheless, if detectors are optimized, there is still the possibility to go

29

Muon smasher’s guide

Precision scale (roughly) with (# of Higgs)−1/2

Low energy Higgs factories (Zh)

High energy (> 600 GeV) lepton colliders (WW fusion)

Sensitive to different couplings.

Measurement at lepton collider more model independent: width, Zh coupling, …

Tera Z (and ttbar threshold) can improve significantly other EW precision measurements. 

10-3 or better possible
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

A few percent accuracy would cover most of the ground. 

Higher energy collider needed: 

TeV lepton collider, 100 TeV pp collider 



Reach of SUSY stop

TeV 10 TeV 20 TeV 50 TeV

200 TeV pp

500 TeV pp
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
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Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop

ILC 1 TeV
MuonC 3 TeV
MuonC 10 TeV
MuonC 30 TeV

Briefing book + my drawings. 

Reach for other top partners similar 

Lepton collider reach ≈ 0.5xECM 

Reach for other new physics similar.
Photon collider similar, but only for 
produce charged particles.

Hadron collider reach ≈ 10% of ECM 

Weaker if new physics without strong int. 



Scale of new physics: 

Fine-tuning ≈  ,  Fine-tuning small � badm2
h : 1

16π2 M2
NP

Scale to aim at?  Only a theoretical expectation (extremely well motivated). 

However, not a firm prediction.   

A possible measure: % good theory ideas left  (Fine-tuning)  ∼

Current status: MNP ≈ TeV(s), Fine-tuning ≈ a few - 10%.    “uncomfortable”

 

Next milestone: MNP ≈ 10(s) TeV, Fine-tuning < 10-3 . “definitive” test.



Dark matter



Dark matter reach

MuonC 10 TeV
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

MuonC 3 TeV MuonC 3 TeV
MuonC 10 TeV

briefing book + my drawings for muon (or lepton) colliders. 

Simplest WIMP model, very predictive, definitive target mass ≈ TeVs. 

Out of reach for LHC, difficult for direct detection. 

Lepton collider reach close to 0.5xECM  (a little less), need 10(s) TeV and hi lumi

Hadron collider ≈ a few percent x ECM , need 100 (or more) TeV



Windows into dark sector: portals
- SM particle can in principle have small couplings to dark matter/

dark sector. In particular: 

Higgs/Z factories,  sensitivity to Higgs/Z rare decays determined 
by the number of Higgs/Z produced.  

Higgs

H†H#dark

dark
Z

Zμ#μ
dark or Zμν#μν

dark

dark

Br(h�dark) . Higgs factory sensitivity up to 10-5. Hadron collider 
produces much more Higgses (better potential if decay distinct). 

Br(Z�dark) . Tera-Z sensitivity up to 10-11 .

∼ 10−2 to 10−3

∼ 10−4 to 10−5

Rough estimates, if interaction is mediated by some 10(s) TeV new physics




Luminosity



Hadron collider scenarios

Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
s = 14 and 100 TeV. The jets are subject to the pT and ⌘ cuts shown in the legend.

notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.
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Figure 8: Evolution with time of the mass reach at
p
s = 100 TeV, relative to HL-LHC, under di↵erent

luminosity scenarios (1 year = 6 ⇥ 106 sec). The left (right) plot shows the mass increase for a (qq̄) resonance
with couplings enabling HL-LHC discovery at 6 TeV (1 TeV).

These results are not an argument for modest luminosity as an ultimate goal, but a reminder
of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
optimization of energy and luminosity need not be restricted to a single parameter.

8

Rapid gain in 
mass reach

Hinchliffe, Kotwal, Mangano, Quigg, LTW, 1504.06108
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M. Low

1034 cm-2s-1 doing a reasonable job for 100 TeV.

Need higher luminosity for Higgs self-coupling.  

1035-1036 cm-2s-1 may be needed for higher energies. 



Lepton collider scenarios

A possible minimal scenario: can produce at least 10 
signal event for weak scale cross section. Can do “basic” 
new physics searches and cover interesting scenarios.  

Will miss some important physics. Maybe only a good starting point. 

“Optimal” scenario: can cover as many difficult cases as 
possible, such as the dark matter searches.


Some choices needed here, but the basic wishlist is quite commonly 
accepted.



Lepton collider luminosities
- For both muon and electron (photon collider similar)

minimal

optimal
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Based on electroweak cross section. 

Bands represent O(10) variation in signal rate

Muon Collider Daniel Schulte

1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:

L =
✓ p

s

10TeV

◆2

⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.

3. Proposed Schemes
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Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where

1

minimal ∼ 10−4 ×  optimal

run time  = 108 s

Both scales as ℒ ∝ E2
CM ,



Summary

Higgs: 

Precision measurement: 106 Higgs at lepton collider or 
above need to achieve 10-3 accuracy.

Tera-Z (also ttbar) can help a lot.

New physics, aiming at 10s TeV. 

10(s) TeV lepton collider and/or 100(s) TeV pp collider 

Self coupling, percent measurement. 

TeV lepton collider, 100 TeV pp collider 

Dark matter: 

WIMP, target mass TeV(s)

10(s) TeV lepton collider, 100(s) TeV pp collider

Dark sector.

rare decay of Higgs (br < 10-3) and Z (br < 10-4). 
Sensitivity proportional to # of Higgs/Z produced.

Higgs factories, Tera Z, and hadron colliders   
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Luminosity need for precision

�=100 TeV

�=30 TeV
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Minimally, we hope to reach new physics scale � ≈ 3 ECM

Optimally, we would like to reach new physics scale � ≈ 10 ECM

Also cover potential difficult cases. 



Lepton collider summary
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Hadron collider

- The “ultimate” Higgs factories

 [TeV]s
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 = 125 GeVHM
MSTW2008

100 TeV > 2 billion

33 TeV > 500 million

14 TeV > 150 million

# of Higgses in 3 ab-1

In comparison,  O(million) 
Higgs at ee Higgs factories

Hadron collider good for rare but clean signal

In principle, can be sensitive to BR ≈ 10-7 



Higgs/Z factories.
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Particle statistics
FCC-ee ILC CLIC CEPC MuonC photon

C
Higgs 106 (0.6250+1500)x

106
105 106 2x105(3TeV)  

+107(10TeV) 
+108(30 TeV) 

Z 3x1012 a few 
x109(250+90)

a few 
x109(380+90)

7x1011

W 108 a few 
x107250

107(380) 2x107

Top 106 2x105This is a draft of a table of statistics for particles important for precision measurements.


There are missing entries (no relevant study, also no concrete run plan), and the other 
numbers also not quite final. 


Subscript labels different run options.  


The statistics for hadron collider can also be shown, but it can’t be quite compared with the 
lepton colliders since the measurement are typically systematics dominated (not 
determined by statistics).



Probing EW phase transition 

A. Long  /  July 28, 2016  /  KITPC Workshop 
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Gains of running at higher energies
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Harder case, dark matter
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Figure 16: Summary of the exclusion (upper panel) and discovery (lower panel) reaches of
various muon collider running scenarios. The thick bars represent the combined reach from
missing mass searches through mono-photon, mono-muon, and VBF di-muon channels. The
thin and faint bars represent our estimates of the mono-photon plus one disappearing track
search. The burgundy vertical bars represent the thermal target for a given EW-multiplet
model.

thermal relic abundance is saturated by the EW multiplets DM under consideration. When
combining the inclusive (missing mass) channels, the overall reach is less than the kinematical
limit mχ ∼

√
s/2, especially for EW multiplets with n ≤ 3 due to the low signal-to-background
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Muon Collider Daniel Schulte

1. Introduction

Two main muon collider concepts have been developed and proposed: in the first the muons
are generated using protons (MAP), in the second using positrons (LEMMA). The proton driven
scheme was the object of a well-supported study, mainly in the US, but the coherent effort has now
been suspended [1]. The recently proposed positron-driven scheme is being studied with a limited
effort mainly at INFN [2]. Since no organised collaboration exists for muon colliders, a small
review group has been charged to assess their perspectives and status [3]. This review is based on
the material made available by the MAP and LEMMA studies and on some additional calculations.

2. Physics Goal

The core goal of a muon collider would be to provide high luminosites at high energies to allow
for discoveries and precision physics. Since the cross section for s-channel production scales as
s µ 1/s, the luminosity goal increases with energy. A tentative estimate for the required luminosity
is [3]:

L =
✓ p

s

10TeV

◆2

⇥1035 cm�2s�1 (2.1)

This assumes five years of operation. A collision energy of 14 TeV and the corresponding lumi-
nosity of 4⇥1035 cm�2s�1 would have a discovery potential comparable to FCC-hh.

3. Proposed Schemes
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potential CoM energy due to 

neutrino radiation.

Figure 1: Top: Schematic layout of a potential muon collider with a muon source based on protons. Bottom:
Schematic layout of a potential muon collider with a muon source based on positrons.

The proton driven scheme is based on a classical muon production by pion decay. A schematic
layout of the MAP scheme is shown in figure 1. An intense proton beam is sent onto a target where

1

Really need the large luminosity to get there. 

assumed luminosity: 


